We study microwave signal generation as a function of drive current and applied perpendicular magnetic field in nano-contact spin torque oscillators (NC-STOs) based on orthogonal (pseudo) spin valves where the Co fixed layer has a strong easy-plane anisotropy, and the [Co/Ni] free layer has a strong perpendicular magnetic anisotropy. The orthogonal NC-STOs exhibit a dramatic transition from the conventional ferromagnetic resonance-like spin wave mode to a magnetic droplet soliton mode. In particular, the field and current dependence of the droplet soliton near threshold are discussed. Near threshold the droplet soliton undergoes complex dynamics that include mode hopping, as evident in the experimental frequency domain and magnetoresiatance response.
Introduction
The classic spin torque [1] [2] [3] oscillator (STO) [4] architecture relies on a spin valve (SV) structure where a significant spin polarization is generated by a reference layer (RL) and the dynamical processes occur in a nearby free layer (FL). Both nano-pillar [5] , where the lateral cross section of the entire SV stack has been reduced to a typically <100 nm diameter, and nanocontact (NC), [6, 7] where only the current injection site has been laterally defined, designs have been implemented. Owing to their extended FL, NC-STOs hold particular promise as spin wave injectors for magnonic applications [8] . Many attractive properties including a large tuning range [9, 10] and modulation rates [11] [12] [13] were initially realized in devices utilizing materials with in-plane (IP) anisotropy in both the RL and FL. Unfortunately, large magnetic fields are typically required to reap the benefits of these devices. Low to zero field operation has been realized [14] [15] [16] in devices that combine materials with both IP and out-of-plane (OOP) anisotropy, at the cost of bandwidth and output power. These limitations may be overcome [17, 18] by instead relying on materials [19] [20] [21] [22] [23] with tilted anisotropy. Yet another alternative was recently realized using an orthogonal SV structure with an IP RL and OOP FL, and demonstrated high frequency operation at low external fields [24, 25] . The IP FL can be simply realized using either Co or CoFe alloys with high spin polarization and spin-torque efficiency.
Owing to their tunable saturation magnetization (MS) and perpendicular magnetic anisotropy (PMA), all magnetic Co/Ni multilayers [26] (MLs) have proven to be the ideal material for use as the OOP FL.
Furthermore, such orthogonal SV STOs have been shown to support a fundamentally new type of magnetic excitation, namely the magnetic droplet soliton. While the initial theoretical prediction by Ivanov and Kosevich [27] , of a "magnon drop" soliton in thin films with PMA and zero damping dates back to the 1970s, more recent treatments by Hoefer et al. [28] [29] demonstrated analytically that a related "magnetic droplet" soliton is possible to excite in NC-STOs. Here, the important criterion played by spin transfer torque is to locally realize the condition of zero-damping necessary for droplet formation. The droplet frequency, f o , lies between the Zeeman frequency, fZeeman, and the ferromagnetic resonance (FMR) frequency, fFMR.
In this paper, we describe in detail the transition from the FMR-like spin wave mode to the droplet soliton as a function of both applied field and current. In particular, the complex dynamics near this transition, including mode jumping, will be discussed.
Experimental
The orthogonal-pseudo spin valves (PSVs) were deposited by magnetron sputtering at room temperature on thermally oxidized Si substrates in a chamber with a base pressure better Fabrication of the NC-STOs begins by patterning the blanket films an 8×16 μm 2 mesa using optical lithography. This is followed by an insulating SiO2 layer deposited by chemical vapor deposition. The NC area was defined using electron-beam lithography and reactive ion etching through the SiO2, as schematically shown in Fig.1 . Finally, a Cu(1.1 μm)/Au(100 nm) top electrode, forming a coplanar waveguide, was patterned using optical lithography, sputter deposition, and lift-off [31] .
Electrical characterization [10] of the NC-STOs is performed in a custom probe station with variable current, magnetic field, and applied field angle capabilities. The DC current was fed to the device using a precision current source through a bias tee connected in parallel with the transmission line. The resulting RF signal is then amplified using a broadband microwave amplifier and finally analyzed in the frequency domain with a spectrum analyzer. The DC voltage across the device was also recorded simultaneously for magnetoresistance (MR)
measurements. Finally, all measurements are performed at room temperature and with the applied field perpendicular to the film plane.
Results and Discussion
The dynamics in similar orthogonal-PSVs have been extensively studied in low (<~0.4 T) perpendicular fields [24, 25] . The nature of these dynamics are characterized by very small angle precessions, similar to FMR, as schematically represented in Fig. 1(a) . The oscillation characteristics as a function of current, and several applied fields, for NC-STO with a NC diameter of 50 nm is shown in Fig. 2 . The frequency of this FMR-like spin wave mode decreases as the magnitude of the applied current increases, i.e. redshifts, as the precession angle increases. For µoH=0.03 and 0.2 T only the FMR-like mode is found. However, when the field is increased to 0.4 T a dramatic drop (~8 GHz) in frequency at Idc=-3.6 mA is found corresponding to the transition from the FMR-like spin wave mode near to the droplet mode. As the applied field is increased beyond 0.4 to 1 T the FMR-like mode vanishes, and may drop below our experimental detection limit, and the strength of the droplet mode increases. Based on micromagnetic simulations [32] , we see that the precession trajectory, as schematically represented in Fig. 1(b) is fundamentally different than the FMR-like mode. Here, the precession angle is largest near the boundary of the droplet and decreases towards the center. A curious dip in the frequency is also observed in Fig. 2 . We speculate that the applied field, the Oersted field [33] , and possibly coupling of free layer to the fixed layer magnetization through interlayer exchange coupling via the Cu spacer, all combine to modify the local energy landscape. Unfortunately this very complex interplay still needs further studies and understanding and is well beyond the scope of this paper.
Further analysis of the FMR-like to droplet mode transition is shown in Fig. 3 . Both the FMR-like and droplet mode, and corresponding 2 nd harmonic, can be clearly seen in the color map shown in Fig. 3(a) . The dashed vertical dashed line S 1 , Idc=-3.65 mA, is very near the mode transition and clearly shows, Fig. 3(a, upper inset) , that both the FMR-like and droplet modes exist in the frequency domain. Near the mode transition, the power, Fig. 3(b) , of the droplet mode is either lower, or comparable to the FMR-like mode. Additionally, the linewidth, T another droplet signal, referred to as the 2 nd droplet mode, appears and is accompanied by a larger increase in MR as we expect this droplet to more fully reversed. The MR response should be interpreted as an average of the rapid mode-hopping and therefore has an intermediate MR.
As was similarly observed in Fig. 3 , near the FMR-like to droplet mode transition, multiple droplet modes can exist in the frequency domain and mode-hopping between the two is likely taking place near the onset of steady droplet formation.
Conclusions
The formation of a droplet soliton in orthogonal-STOs was discussed. Particular attention was paid to the FMR-like to droplet transition as a function of both DC current and applied field. We find that this transition is not necessarily sharp and includes more complicated dynamics and modes. As the magnitude of the bias current was increased evidence of modehopping between the FMR-like and droplet mode was found. Additionally, as the magnitude of the perpendicularly applied field was increased an even more complex transition is observed that not only includes formation of an unstable and partially reversed droplet soliton, but modehopping between it and the stable droplet soliton found at higher applied fields. 
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